Our study provides an analysis of the outcome of meiotic segregation of three-way translocations in cleavage-stage embryos and the accuracy and limitations of preimplantation genetic diagnosis (PGD) using the fluorescence in situ hybridization technique. We propose a general model for estimating reproductive risks for carriers of this class of complex chromosome rearrangement. The data presented describe six cycles for four couples where one partner has a three-way translocation. For male heterozygotes, 27.6% of embryos were consistent with 3:3 alternate segregation resulting in a normal or balanced translocation chromosome complement; 41.4% were consistent with 3:3 adjacent segregation of the translocations, comprising 6.9% reflecting adjacent-1 and 34.5% adjacent-2 segregation; 24.1% were consistent with 4:2 nondisjunction; none showed 5:1 or 6:0 segregation; the probable mode could not be ascertained for 6.9% of embryos due to complex mosaicism or nucleus fragmentation. The test accuracy for male heterozygotes was estimated to be 93.1% with 100% sensitivity and 75% specificity. With 72.4% prevalence, the predictive value was estimated to be 91.3% for an abnormal test result and 100% for a normal test result. Two of four couples had a healthy baby following PGD. The proportion of normal/balanced embryo could be significantly less for female heterozygotes, and our model indicates that this could be detrimental to the effectiveness of PGD. A 20% risk of live-born offspring with an unbalanced translocation is generally accepted, largely based on the obstetric history of female heterozygotes; we suggest that a 3% risk may be more appropriate for male carriers.
INTRODUCTION
Complex chromosomal rearrangements (CCR) are a disparate group 1 but the translocations can be generally defined as those involving more than a reciprocal exchange of segments between two chromosomes. 2 These can include: (i) two separate simple rearrangements in the same individual (double translocation), (ii) terminal exchanges involving three chromosomes with one breakpoint in each chromosome (three-way translocation), and (iii) more complex rearrangements with multiple breakpoints and often involving different types of rearrangement (terminal exchange, inversion, interstitial insertion, deletion) and more than three chromosomes. 3, 4, 5 Constitutional CCRs are very rare and around 255 cases have been described. 6 A patient with an apparently balanced de novo CCR and learning difficulties and/or multiple congenital abnormalities may have chromosome imbalance (cryptic or sub-microscopic) associated with the rearranged chromosomes or elsewhere in the genome. 7, 8 A person with a normal phenotype who carries a CCR is unlikely to have clinically significant chromosome imbalance; however, the complexity of the CCR may be more extensive than can be seen using karyotyping alone and full characterization is important to assess the risk of progeny with chromosome imbalance; such characterization is essential for accurate prenatal diagnosis. 9 Male carriers of CCRs generally present with oligospermia. Testicular biopsy and analysis of spread spermatocytes using electron microscopy has shown that three-way translocations typically form a hexavalent synaptonemal complex at pachytene with a reduced number of chiasmata in the interstitial segments between the centromeres and the breakpoints. 10, 11 Although analysis of chromosome complements in mature sperm or cleavage-stage embryos only gives information on the end product of meiosis and not direct observation of the underlying mechanisms, such studies provide useful information on the probable segregation products of the hexavalent complexes at male or female meiosis. This information can be used for risk assessment and counselling as to the value and accuracy of preimplantation genetic diagnosis (PGD).
This paper describes our studies on segregation outcomes for four carriers of three-way translocations and presents a model for comprehensive analysis of these translocations and estimation of the live birth risk of chromosome imbalance for natural pregnancy and the risk reduction following PGD.
MATERIALS AND METHODS Patients
Our retrospective case series included four couples referred to the Guy's and St Thomas' Centre for PGD, three male heterozygotes, and one female with a
Assisted conception and genetic testing
Procedures were performed as described previously. 12, 13 In brief, a standard long stimulation protocol for controlled ovarian stimulation was followed by intracytoplasmic sperm injection for the male heterozygotes due to poor semen characteristics and IVF for the female case, then biopsy of one cell from cleavage-stage embryos 3 days after fertilization and embryo transfer on day 5. Written consent was obtained from the couples for testing and further study of their embryos in accordance with Human Fertilization and Embryology Authority research licence R0075.
Fluorescence in situ hybridization (FISH) probes were directly or indirectly labelled and sourced from different manufacturers (Supplementary Appendix I). A total of five probes were used for each translocation in order to detect all the theoretical unbalanced translocation products (Supplementary Appendix II), one probe for each of the three translocated segments and one probe each for two of the three centric segments. The choice of probes was informed by the fluorophores available, the predicted most frequent products leading to chromosome imbalance, and any products likely to result in liveborn offspring with chromosome imbalance. 14 Case A had two sequential hybridization reactions of the same nucleus, and Cases B, C, and D a single hybridization. The risk of clinically significant misdiagnosis (a viable unbalanced translocation product with a normal/balanced biopsy result) was minimized by ensuring there were two diagnostic probes for potentially viable imbalance. The probe mixes were tested on cultured lymphocyte metaphase spreads and interphase nuclei from both reproductive partners using standard cytogenetics techniques, as described previously. 13 Individual probe efficiencies ranged from 86-99% (Supplementary Appendix I) and the overall suitability of each probe mix was assessed using the predictive value calculated for a normal and abnormal test result (the probability that the result is correct) and an assumed 88% prevalence of chromosome imbalance, with a pass threshold of 95% negative and 85% positive predictive value. Blastomere nuclei from biopsied embryos were hybridized overnight and analysed as described previously. 13 Chromosome segment copy number of blastomere nuclei cannot be used to deduce with complete certainty the mode of meiotic segregation of the CCR at pachytene; this is because of meiotic recombination and meiosis II or early cleavage-stage nondisjunction, in addition to possible imbalance contributed by the non-carrier partner. However, accepting the limitations, the probable mode of meiotic segregation based on segment copy number was elucidated as described previously. 15, 16 Normal/balanced biopsy results without COD were assigned to be consistent with meiotic 3:3 alternate segregation where the nucleus showed two signals for each chromosome region tested. For the diagnostic accuracy study, spread embryos were confirmed to be normal (balanced) if at least 50% of nuclei were consistent with normal copy number. 16, 17 Abnormal tests results were deviations from a normal test result; spread embryos were confirmed to be abnormal if 450% of nuclei were abnormal, and assigned to be consistent with 3:3 adjacent, 4:2, 5:1, or 6:0 disjunction at meiosis if at least two nuclei obtained showed the appropriate signal patterns. The probable segregation mode was deemed to be unknown if these criteria were not met.
Statistical analysis
For the diagnostic accuracy part of the study, biopsy (index) results with an unknown outcome (reference standard) were allocated in proportion to normal and abnormal biopsy results with a known outcome. 16, 17 Diagnostic accuracy measures calculated were: false positive and false negative (incorrect abnormal and normal biopsy results using the test perspective and calculated as the proportion of the total outcomes), overall accuracy (the proportion of all biopsy results that were correct), sensitivity (the proportion of abnormal embryos that had an abnormal biopsy result) and specificity (the proportion of normal embryos that had a normal biopsy result), the positive predictive value (the proportion of abnormal biopsy results that were correct) and the negative predictive value (the proportion of normal biopsy results that were correct).
Fisher's exact test was used to calculate significance probabilities. For study measures, 95% confidence intervals (CIs) were calculated to indicate precision.
Three-way translocation model
Supplementary Appendix III is a flexible version of the model and includes further technical detail and worked examples using cases A-D. In brief, hexavalent synapsis at meiosis I with 64 segregation products is assumed (see Figure 1 ). The proportion of each mode for male heterozygotes is based Abbreviations: LBR-Initial natural conception live birth risk of an unbalanced translocation product; SA-spontaneous abortion risk for natural conception; OAT-oligoasthenoteratozoospermia on the spermatozoa study of Pellester et al. 18 The proportion of each segregation mode for a female heterozygote was derived using a selection coefficient (s) to reflect checkpoints associated with male meiosis (Table 2) . The calculation assumes the same proportion (p) for each product within each mode. The proportion of each mode ( P p) is therefore the number of products for each mode Â p. The selection coefficient (s ¼ 0.12568) was estimated from the relative proportion of 3:3 alternate (assumed to have 100% viability) and adjacent segregation products in mature spermatozoa ((207 spermatozoa/18 adjacent products)/(183 spermatozoa/2 alternate products)). Therefore, as a working hypothesis, P p reflects the proportion of female segregation products and 1-( P p Â s) provides an estimate of the degree of germ cell death (83%). Using this approach the proportion of products consistent with 3:3 alternate segregation was estimated to be 4.7% for female heterozygotes compared with 28.3% for male carriers. Although the numbers are small, empirically embryos (Supplementary Appendix IV) from female heterozygotes have a lower proportion of normal/balanced biopsy results (4.9%, 95% CI 0.6-16.5%) compared with male carriers (19.4%, 95% CI 8.2-36.0%) (difference 296%, P ¼ 0.042).
To assess a translocation, the input measures are the sizes of each of the segments (the three centric segments containing the centromere and the three translocated segments, in millimetres using the 850 bphs ISCN 2013 19 ideogram) and a corresponding unbalanced live birth risk using single-segment estimates derived for terminal exchanges, 20, 21 which are used to estimate the viability of each centric and translocated segment.
Assigning imbalance thresholds (deletion and gain expressed as the proportion of the haploid autosomal length), the model calculates the overall degree of chromosomal loss (monosomy) and gain (trisomy) for each unbalanced product and identifies those with the potential to be clinically significant. To assess the performance of a potential PGD test using FISH, the input measures are the lymphocyte work-up probe efficiencies (the proportion of diploid nuclei with fewer than two signals and more than two signals) for each segment tested. 22 The output measures calculated include: the natural conception live birth risk of chromosome imbalance, test accuracy, sensitivity, specificity, predictive value and likelihood of obtaining a transferable result, and the degree of risk reduction using PGD.
RESULTS

PGD cycles and clinical outcome
Cycle and clinical outcome details are presented in Table 3 . Six cycles were started, one each for Case A and Case C and two each for Case B and Case D, and all six progressed to egg collection and biopsy. There were two embryo transfers, the second cycle for Case B had one embryo transferred and the cycle for Case C had two embryos transferred; both resulted in the delivery of a healthy singleton infant with no structural malformations (not known to have been karyotyped). Abbreviations: p, the proportion of each product within each mode; P p, the estimated proportion of female segregation products; s, selection coefficient to reflect male meiotic checkpoints. a 95% CI: 0-0.6%, arbitrarily assigned to be 0.3%.
Biopsied cells from a total of 37 embryos were tested on day 3 for the translocation chromosomes. Of 29 embryos from the male heterozygotes, 6 (20.7%) were diagnosed to be normal or balanced and 23 (79.3%) to be unbalanced. Of eight embryos from the female heterozygote, none was diagnosed to be normal or balanced. Confirmation of diagnosis was carried out for the embryos from the male heterozygotes but was not possible for the female carrier.
Test results and confirmation of diagnosis
Supplementary Appendix V shows the 29 male heterozygote embryo biopsy results and the confirmation of diagnosis; 29 (100%) embryos had a successful biopsy result; 6 (20.7%) embryos had a normal/ balanced result and 23 (79.3%) an abnormal result.
Of the six embryos with a normal/balanced result, one could not be investigated further as it was transferred without implantation, one was discarded, and two were cryopreserved. Two normal/balanced results were confirmed by the delivery of healthy infants.
Out of 23 embryos that had abnormal results, 15 (65.2%) were confirmed to be uniformly unbalanced (true abnormal), 2 (8.7%) were found to be normal/balanced (false abnormal, 1 consistent with FISH error and 1 with FISH error or mosaicism), 4 (17.4%) had two or more unbalanced near-diploid cell lines or polyploidy (true abnormal, mosaic), 1 (4.3%) had an unbalanced complex chromosome complement (true abnormal, chaotic), and 1 (4.3%) had only fragmented nuclei (true abnormal, fragmented).
Diagnostic accuracy
Both offspring with a normal/balanced biopsy (index) result were healthy, and, although not karyotyped, presumed to have a normal (balanced) complement, and the four embryos that did not have a confirmation result (reference standard) were also initially assigned as normal for the chromosomes tested. Out of 29 Table 4 shows that out of 29 embryos 8 (27.6%) were consistent with 3:3 alternate segregation resulting in a normal or balanced CCR chromosome complement. Twelve (41.4%) unbalanced embryos were consistent with 3:3 adjacent segregation of the translocations, of which two (6.9%) reflected adjacent-1 and 10 (34.5%) adjacent-2 segregation. Seven (24.1%) unbalanced embryos were consistent with 4:2 nondisjunction and none was found with 5:1 or 6:0 segregation. The probable mode of meiotic segregation could not be ascertained for two (6.9%) embryos due to complex mosaicism or nucleus fragmentation. We found two embryos that were consistent with 3:3 adjacent-2 segregation following an odd number of crossovers in the interstitial segment between the centromere and the breakpoint: Case A embryo 5-6,der(6),der(6),11,der(11), 16 and Case B embryo 9-1,der(1),4,14,14,14.
Translocation meiotic segregation products
Assessment of three-way translocations and sensitivity analysis
Supplementary Appendix VII shows the output measures for different scenarios for male and female heterozygotes using the translocation model (Supplementary Appendix III) . In addition to worked examples using cases A-D, the classes of model assessed included: testing all six segments (3CS/3TS), two centric segments and three translocated segments (2CS/3TS), three centric segments and two translocated segments (3CS/2TS), and none of the centric segments and all three translocated segments (0CS/3TS). For male and female carriers, respectively, 71.67 and 95.27% prevalence was assumed and an initial 95% efficiency per probe, which was varied in a sensitivity analysis. For male heterozygotes the predictive values for a normal and abnormal result, respectively, were greater than 99 and 90% where at least five probes were used (scenarios 1 and 2) and 78 and 94% using only three probes for the translocated segments (scenario 3). At least 95% NPV and 85% PPV were obtained where the efficiency for each probe was at least 88.92% (scenario 5) and 90.62% (scenario 4) using five and six probes, respectively, and also for case A (scenario 6, 93-97% per probe), case B (scenario 7, 86-89% per probe), and case C (scenario 8, 95.5-97% per probe).
For female heterozygotes the predictive value of a normal result was 99% (scenario 9), 90% (scenario 10), and 25% (scenario 11) using six, five, and three probes, respectively; the predictive value of an abnormal result was 498% for all three scenarios. At least 95% NPV and 85% PPV (the test pass thresholds) were obtained where the efficiency for each probe was at least 87.3% (scenario 12) and 97.4% (scenario 13) using six and five probes, respectively; however, for case D (scenario 14, five probes, 90-97% per probe) the predictive value was only 88.3% for a normal result, indicating an 11.7% risk of misdiagnosis.
For male heterozygotes, using a PGD test with at least five probes reduced the risk of an unbalanced conception to o1% with at least a 20% chance of a transferable result per embryo tested and a Z75% chance of transfer-testing six embryos (the median number in our experience for couples with a translocation 16 ). Using only three probes for the translocated segments, the risk of an unbalanced translocation product after PGD was 22.37%. For female carriers, a o1% risk (with only a 3.51% chance of a transferable result and a 19.3% chance of transfer-testing six embryos) was only achieved using six probes, and the risk was 9.52% (4.05% transferable) and 75.29% (16.42% transferable) using five and three probes, respectively.
Using the models, the risk of a natural pregnancy live birth with an unbalanced translocation was estimated to be o1% for cases A and B, 5.8% for case C, and 17.9% for case D (the female heterozygote).
DISCUSSION
This paper describes our findings following six PGD cycles for four couples with three-way translocations (three male and one female heterozygote), which resulted in a healthy singleton live birth for two couples where the male partner carried the translocation.
There have been three published studies on sperm analysis for male carriers of three-way translocations. 18, 23, 24 In our study and the sperm study of Pellestor et al 18 the proportions of the products were similar, and unbalanced products reflecting 3:3 adjacent-2 segregation and those consistent with 4:2 nondisjunction were much higher than the proportions consistent with 2:2 adjacent-2 and 3:1 in sperm and embryo studies of two-way reciprocal translocations. 16, 25 We are aware of two other published reports that included PGD for threeway translocations. Escudero et al 26 reported five cycles for a female t(5;13;16) heterozygote aged 33 years where one cell was biopsied from each embryo and tested using six probes for the translocation. A total of 22 embryos were analysed; 20 were diagnosed to be abnormal and two to be normal/balanced, one of which was transferred in the first cycle, resulting in a live birth. Lim et al 27 reported one cycle for a female carrier of a t(6;10;8) aged 33 years and one cycle for a male t(5;13;8) heterozygote whose partner was aged 33 years. For both cases the strategy was to biopsy two cells from each embryo; each nucleus was tested with a different probe panel comprising a total of five probes for each translocation.
Eleven embryos were analysed for the t(6;10;8) and none was diagnosed to be normal/balanced. Of seven embryos analysed for the t(5;13;8), one was diagnosed to be normal/balanced and transferred but no pregnancy resulted. Therefore, in total, including our cases, 19.4% (probably between 8.2 and 36.0%) of cleavage-stage embryos for male heterozygotes and 4.9% (probably between 0.6 and 16.5%) for female carriers had a normal/balanced result.
However, the most complete reporting of products is available from the study of Pellestor et al 18 Using this study and applying a selection coefficient calculated from the relative proportion of 3:3 alternate and adjacent products, we estimated the proportion of products before selection as a working hypothesis of what might be expected for the female heterozygote. We calculated that the proportion of products consistent with 3:3 alternate segregation could be 4.7% for females compared with 28.3% for males (Table 2) , which reflects the empirical observation in embryos. Although further studies are required, a differential of this order has implications for the degree of reproductive risk for both sexes and the effectiveness of PGD for female heterozygotes.
PGD for infertile CCR carriers may have the utility to improve the efficiency of assisted conception, and for fertile couples, to reduce the risk of an affected child or miscarriage due to an unbalanced product of the rearrangement. For others, the distress of pregnancy termination, which is ethically unacceptable to some couples, might be avoided. Provided that a potential FISH test has two probes that are diagnostic for potentially viable imbalance and at least one probe for five of the six translocation segments, PGD should have high accuracy and significantly reduce the risk of an unbalanced conception. It is worth noting that two of the male heterozygotes in our study had very few sperms and poor parameters, which would preclude any chance of natural pregnancy. However, the chance of obtaining at least one embryo for transfer following egg collection may be substantially less for female carriers (around one in five biopsy cycles testing on average six embryos) compared with males (around three in four biopsy cycles).
We found that genetic testing using FISH had a high degree of accuracy. Our results indicate that the diagnostic accuracy of PGD using the FISH technique for three-way translocations is similar to two-way reciprocal translocations, 16 and an error rate of 6.9-10.3% is comparable to the 6-10% reported by others in PGD for chromosome rearrangements. 28 A private reproductive risk assessment based on a sufficient reproductive history of the family is not possible for most CCR couples. A 20% risk of live-born offspring with an unbalanced translocation and an up to 50% risk of miscarriage have been recommended as appropriate general risk figures, 21 which is largely based on the obstetric history of female heterozygotes. 4, 29 Due to spermatocyte arrest, very few male three-way translocation heterozygotes are likely to conceive without assisted conception; due to small numbers caution is advised but accepting a higher incidence of 3:3 alternate products, it could be appropriate to consider a lower general risk figure of around 3% (probably between 1 and 8%, Supplementary Appendix VIII) for live birth with chromosome imbalance. However, we suggest that a risk specific for each translocation, estimated using the method we have outlined (Supplementary Appendix III), is more useful in helping a couple decide whether PGD is preferable to natural pregnancy and prenatal diagnosis.
The application of array comparative genomic hybridization and single nucleotide polymorphism microarray to PGD has the potential to offer an efficient test for complex chromosome rearrangements 30 while also testing for other genome imbalance. [31] [32] [33] [34] However, as with a FISH approach, comprehensive assessment (for instance using telomere probes and chromosome painting) of the rearrangement is necessary before PGD to exclude unexpected complexity that may not be detected by karyotyping alone. We suggest that a cautious approach to PGD for complex chromosome rearrangements is advisable, especially in de novo cases or where the family history information is restricted and there has been minimal characterization to provide reassurance that the rearrangement is not more complex.
In conclusion, our study shows that PGD for three-way translocations using the FISH technique with at least five probes has high accuracy and can be effective for male heterozygotes, even with very poor sperm parameters that would preclude natural pregnancy. However, there is an indication that for female carriers, the incidence of 3:3 alternate segregation could be significantly lower, to an extent where PGD may not be their best reproductive option and gamete donation or adoption may be more realistic. It is established that the profiles of segregation products for carriers of Robertsonian and reciprocal translocations show differences between female and male carriers, 16, 17, 21, 35 underlining the different mechanisms and checkpoints involved in male and female meiosis. Our study reported here indicates that meiotic mechanisms in CCR carriers have similar constraints to those in other chromosome rearrangements.
